We report on the growth of InN epilayers on AlN/sapphire templates by metal organic chemical vapor deposition. Compared to InN epilayers grown on GaN templates, significant improvements in the electrical and optical properties of InN epilayers on AlN templates were observed. An increase in electron mobility, a decrease in background electron concentration, and a redshift of photoluminescence emission peak position with increasing the growth temperature and V/III ratio were observed and a room temperature Hall mobility of 1400 cm 2 / V s with a free electron concentration of about 7 ϫ 10 18 cm −3 was obtained. The improvements were partly attributed to the use of AlN templates, which allows for higher growth temperatures leading to an enhanced supply of nitrogen atoms and a possible reduction in the incorporation of unintentional impurities and nitrogen vacancy related defects.
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1,2 These distinctive properties make InN an interesting material for applications in full color displays and high frequency/high speed/high power electronic devices such as high electron mobility transistors ͑HEMTs͒.
3,4 When alloyed with GaN, the energy band gap of InGaN can be tuned to cover the entire solar spectral region, 5 which makes InGaN alloys highly promising for high efficiency multijunction solar cell applications. InGaN alloys could be potentially important thermoelectric materials for directly converting waste heat energy to electricity. 6 In addition, the significant lattice mismatch between InN and GaN or AlN can result in a large piezoelectric charge, which may be advantageous for HEMT applications. As-grown unintentionally doped InN epilayers generally exhibit n-type conductivity, with unintentional free electron concentrations as high as 10 21 cm −3 . 8 Oxygen and hydrogen impurities are thought of as potential causes of the unintentional n-type conductivity in as-grown InN. [9] [10] [11] On the other hand, the presence of nitrogen vacancies due to insufficient thermal decomposition of NH 3 at low growth temperatures ͑ϳ500°C͒ has also been suggested as another major reason for the high background electron concentration in InN epilayers grown by metal organic chemical vapor deposition ͑MOCVD͒. 8, 12 More recently, it is widely accepted that InN films possess a surface electron accumulation layer due to the pinning of Fermi level at about 0.8 eV above the conduction band minimum due to intrinsic surface states. [13] [14] [15] In general, due to the much lower dissociation temperature of InN than of GaN, it has been exceedingly difficult to grow InN epilayers with high quality by using the MOCVD method. As of today, InN epilayers with the highest material qualities are produced by molecular beam epitaxy. 16, 17 The highest room temperature electron mobility reported for MOCVD grown InN was about 1100 cm 2 / V s with an electron concentration of ജ10 19 cm −3 with the use of GaN/ sapphire templates 18, 19 and it was found to be challenging to simultaneously enhance the electron mobility while reducing the background electron concentration. 19 From a practical point of view, there is a great need to develop and understand the growth processes to produce InN films with improved quality by MOCVD, which is currently the primary technique for producing all the commercially available III-nitride devices.
We report here on the MOCVD growth and transport and optical property studies of c-plane InN epilayers on c-plane AlN epilayer templates. There have not been many reports for InN epilayers grown on AlN templates, although it was pointed out that an InN / AlN heterojunction structure may provide a platform for future InN device applications due to its potentially excellent structural and electronic properties as a consequence of the large band gap difference between InN and AlN. 20 Compared to InN epilayers grown on GaN/ sapphire templates, the use of AlN/sapphire templates facilitates a straightforward electrical property characterization by conventional techniques such as Hall effect measurement due to the insulating nature of AlN. Furthermore, we found that the use of AlN templates allows InN to be grown at higher temperatures than in the case of GaN templates, which enhanced the supply of nitrogen atoms from NH 3 at higher growth temperatures.
The 0.8 m thick undoped InN epilayers were grown in a custom built MOCVD on AlN-or GaN-epilayer/sapphire ͑0001͒ templates. More details on the growth conditions and structural properties of AlN/sapphire templates can be found in our previous publications. 21, 22 Trimethylindium ͑TMIn͒, trimethylgallium ͑TMAl͒, and NH 3 were used as In, Al, and N sources, respectively. N 2 was used as a carrier gas for InN epilayer growth. The optimal growth temperature ͑T G ͒ for InN epilayers deposited on GaN templates ͑InN / GaN͒ was found to be 510°C and InN films were observed to decompose ͑or evaporate͒ as T G was raised to above 510°C. By varying the growth conditions, the highest electron mobility ͑͒ of InN / GaN we attain was ϳ1000 cm 2 / V s with an electron concentration ͑n͒ of ϳ1.2ϫ 10 19 cm −3 . In contrast, the highest T G employed for InN epilayers deposited on AlN templates ͑InN / AlN͒ was ϳ570°C, above which evaporation of InN starts to occur. Figure 1 shows the photoluminescence ͑PL͒ spectra of undoped InN epilayers grown on AlN templates ͑InN / AlN͒ when T G was increased from 510 to 570°C. The band-to-band PL emission peak shifted from 0.87 to 0.76 eV as T G was increased from 510 to 570°C. Figure 2 summarizes the effects of T G on the electrical and optical properties ͓inte-grated PL emission intensity ͑I emi ͒, PL emission peak position ͑E p ͒, background electron concentration ͑n͒, and mobility ͔͑͒ of InN epilayers grown on AlN templates. Figures  2͑a͒ and 2͑b͒ show that I emi increases, while E p decreases as T G was raised from 510 to 570°C. Depicted in Figs. 2͑c͒ and 2͑d͒ are the plots of n and versus T G . A decrease in n from 3.1 to 1.1ϫ 10 19 cm −3 and an increase in from 690 to 1000 cm 2 / V s was observed as T G was increased from 510 to 570°C. The results are believed to be associated with an enhanced decomposition rate of NH 3 at higher T G . An enhanced decomposition of NH 3 is likely to reduce the nitrogen vacancies and, henceforth, a decrease in the background electron concentration and an increase in mobility are observed. 23, 24 This observed decrease in n is consistent with the PL results shown in Figs. 1 and 2͑a͒ , where a redshift of E p with T G is clearly illustrated, attributing to a reduced Burstein-Moss blueshift due to a reduction in n. [25] [26] [27] This attainment of higher growth temperature for the InN / AlN system may be related to the fact that the initial surface conditions for MOCVD growth are different from those of the InN / GaN system; however, a further understanding concerning the exact mechanisms is needed.
The x-ray diffraction ͑XRD͒ -2 scan results for InN grown on AlN are shown in Fig. 3 . As illustrated in Fig. 3͑a͒ , ͑-2͒ peak position for InN decreases from 31.41°to 31.33°a s T G increases from 510 to 570°C. The InN lattice constant c, c͑InN͒, deduced from the InN ͑0002͒ peak position is shown in Fig. 3͑b͒ , which shows that c͑InN͒ increases from 5.690 to 5.705 Å as T G increases from 510 to 570°C. The measured value of c͑InN͒ grown at 570°C agrees well with a previously determined value of 5.704 Å. 28, 29 We also note that the lattice constant c͑InN͒ grown on AlN template at 570°C is the same as that of the InN grown on GaN template at 510°C. The observed increase in c͑InN͒ is related to an increase in compressive strain with increasing T G . Concomitantly, InN lattice constant a, a͑InN͒ is decreased with increasing T G to compensate with the lattice constant of a͑AlN͒. The full width at half maximum of the rocking curve of the ͑0002͒ peak of InN / AlN ranges from 700 to 1000 arc sec.
Further enhancement in the electrical properties of InN / AlN was obtained by increasing the V/III ratio during the growth. Figure 4 shows the dependence of the n and of InN on the V/III ratio for layers grown at 570°C. It is seen that n decreases from 1.1ϫ 10 19 to 6 ϫ 10 18 cm −3
and increases from ϳ1000 to ϳ 1400 cm 2 / V s as the V/III ratio is increased from 1.3ϫ 10 4 to 4.3ϫ 10 4 . This is the highest electron mobility ever reported for InN epilayers grown by MOCVD. The band-to-band emission peak position in samples with n = ͑6-7͒ ϫ 10 18 cm −3 and = ͑1350-1400͒ cm 2 / V s is further reduced to ϳ0.75 eV. Intuitively, the results shown in Fig. 4 seem to suggest that the reduction of n is associated with a decrease in nitrogen vacancies. However, the V/III ratio may also impact the incorporation of other unintentional impurities, such as hydrogen and oxygen.
In summary, the electrical and optical properties of InN epilayer deposited on AlN templates have been studied as functions of the MOCVD growth temperature and V/III ratio. A room temperature Hall mobility of 1400 cm 2 / V s with a carrier concentration of 7 ϫ 10 18 cm −3 was achieved, which represents the highest electron mobility value reported for MOCVD grown InN epilayers. The results suggested that the use of AlN templates could open up a new avenue for obtaining InN with reduced background electron concentrations and enhanced mobilities. This work is supported by NSF ͑DMR-0504601͒ and AFOSR ͑FA9550-06-1-0441͒. 
